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An 1terative approach to vector median filtering wherein the
resulting median vector need not be a member of the original
data set. The 1terative vector median filtering allows for fast
convergence for complex computations and an output which
1s approximate to the mean, particularly for small data sets.

In addition, amethod and system for registering and matching
2.5 normal maps 1s provided. Registration of two maps 1s
performed by optimally aligning their normals through 2-D
warping in the 1mage plane in conjunction with a 3-D rotation
of the normals. Once aligned, the average dot-product serves
as a matching metric for automatic target recognition (ATR).

25 Claims, 4 Drawing Sheets

"I-:l.-
et .-1*4
-

e pose

T e et T

SC
e Pl W LA
-

§
.. 8D
-t

e
- T

-'""F

B

anafoen weighes o



US 7,844,133 B2
Page 2

OTHER PUBLICATIONS

Wollt L.B., “Surface orientation from polarization images,” in Proc.
Optics Illumination and Image Sensing for Machine Vision II, vol.
850, pp. 110-121, 1987.

Sadjadi F.A. and Chun C.S.L., “Passive polarimetric IR target clas-
sification,” IEEE Trans. on Aerospace and Electonics Systems, vol.
37, No. 2, pp. 740-751, 2001.

Worthington P.LL. and Hancock E.R., “Object recognition using
shape-from-shading,” IEEE Trans. on Pattern Analysis and Machine
Intelligence, vol. 23, No. 5, pp. 535-542, 2001.

Umeyama, S., “Least-squares estimation of transformation param-
eters between two point patterns,” IEEE Trans. on Pattern Analysis
and Machine Intelligence, vol. 13, No. 4, pp. 376-380, 1991.

Lu etal., “Three-Dimensional Model Based Face Recognition,” Aug.
23-26, 2004, Proceedings of the 17th International Conference on
Pattern Recognition, vol. 1, unumbered, 5 pages total.

Lu et al.,, Matching 2.5D Scans for Face Recognition, Jul. 15-17,
2004, Springer-Verlag, pp. 30-36.

Mustafa et al., “3D object 1dentification with color and curvature
signatures,” 1999, Elsevier Science Ltd., pp. 339-355.

Angelopoulou et al., “Sign of Gaussian Curvature from Curve Ori-
entation 1n Photometric Space,” Oct. 1998, IEEE Transactions on
Pattern Analysis and Machine Intelligence, vol. 20, No. 10, pp. 1056-
1066.

Baccar et al., “Segmentation of Range Images via Data Fusion and
Morphological Watersheds,” 1996, Elsevier Science Ltd., pp. 1673-
1687.

Pentland, “Modal Descriptions for Recognition and Tracking,” Dec.
7-9, 1992, IARP Workshop on MAchine Vision Applications, pp.

435-444.

* cited by examiner



U.S. Patent Nov. 30, 2010 Sheet 1 of 4 US 7,844,133 B2

froure i

-
-----



U.S. Patent Nov. 30, 2010 Sheet 2 of 4 US 7,844,133 B2

2
md

e .

1O

-
-

Cbject ldentihcanon System

q.lllllllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIlllllllllllllllllllllh
& : :
{ ] ) ) 1
L= _r “-., : :
I."\ ': - H 5 . - . 1
-L"-.L : “k' .'J- ‘_-:a.} e P R ﬁ- -y m N :,__________________________________________________‘
ol AT VIS : :
: b : :
L) 1 “
' ; :
L) 1 .
y : :
5 s
4 LY
4 LY
: :
: :
4 LY
4 LY
: :
4 '\.-"-
: :
- L]
p v g
: Ny '
. : ) .
L L} 4 : \ ~ e AL r . L L}
. : : : DL WEANTREEY LR H-qip :
= : ?.:..".-: “'-'II- L] .'1-'. = "‘\.iﬁ i 3 :......................................................-.......". K :
- Re@stranon Modute L :;
. P = ; " Tom Fop Brnehat gn N
; - Databagse
: . J v
.'lIIIIII-IIIIIIIIIIIIIIIIIIIIII‘IIIIIIIIIIIIIIIIIIIIIIIIIIIIII. l: :-
: : :
: y !
L] Y .
4 lh_-,‘__‘_,‘_,‘__‘_,‘_‘__‘_,‘_‘__‘_,‘_‘__‘_1_‘__‘_1_‘__‘_1_‘__‘_1_‘__‘_1_‘__‘_1_-_r
:
! .
_ N 1 ",
wj)'K= .*x_ . . .. S
Y Rt R N T Y -
frerative Vector

I.H|u'

{fedian Fiber

'JJJJJJJJJJ*JJJJJJJJJ

L T T o T T o o T N O .

b ok ok ok sk ko ok ok o ko o A o
F'l"l"lfll'll'lfll'll'lfll'll'lfll'll'lfll'll'lfll'll'lfll'll'l"l"l"l"l"l"l"l"l"l"l"l"l‘l"l"l"l"lfll'l"lfll'l"lfll'l"lfll'l"

T o S Y S S S Y S S Y Sy S S S S S Sy
dh sk ok sk ok ok ok o ook od A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A aa

1
1
1
1
feeameemeamassassasassassamasssassasssmsssesssssassssessamssssssassamsssasassasssssssassamssmaseassasa-sassasssssssassamssssssassass-msssassasssssssessemmessssssasssssssassasssssssass-ssssssssasssssssasmsamssmsnns
1
1
1
1
1
1
1
1
1
--.-"."*-'-."'--.-
_‘-'|" h'--.‘
- ™ =L
-"" ""'-_
‘_i-" I"ll_
¥ - e .
) . LS "
. 1
. - L] ..
. 'l.. “'-'h- L1 =y "\
- il 1] - S - - . k
T RSO '
T L_-l" L ) L :
"i_.: §
"
'
'
LN
"’m ;
.
. =
-"I.-_'. _-\."
[ -
" om N
Maa e L Em ==k




U.S. Patent Nov. 30, 2010 Sheet 3 of 4 US 7,844,133 B2

- -
T omom e,
----------

St . -
R e moe_w o wm e E . m  m =m kR

---------------
--------------
-, -

£

AV

-~ Convert observed object data ™7
te3 @ rormal map |

________
-'"-'-'_IHIHIE.IIE-I-I---I-FH

------

------------------

Regmstranion of the observed Sod
- normal map and storved nonmal b
FHp

..........
--‘- .................

----------------
_______________
-

LIS

S Dletermine aomatch score For

. the regrstered normal map pates

"

- T
-q_h
-'-h.-

L
E mom -

1 o e - m
B e = - d R

" mmE Lm
-~ L .
LN L

-------

lllllll
Tty R m - ,h_‘_l-.ll-\-"-
.---.---.-.'hh'hh'h'h'hh'h ----------



U.S. Patent Nov. 30, 2010 Sheet 4 of 4 US 7,844,133 B2

Fioure 4

L]
......

h‘..l.
I-.-. .-—
e o
. L. o
. | o T
& - - -
‘- Al -
" ]
.-, .
-L‘ - . - 1]
"-.I.._ ) -‘ .

T i ’ ‘o {sonerate normad man at the
Retrieve stored normal mapds) HA 2

o esturated pose
having the nerest pose VPO

[
hhhhhh
-------

I e
____________

lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

L]
5
]
]

[ 9 h b

!' . "

et .“-'-'-'--l--'-ll...“- ----- - .
T " h
RO - b -~
--I_l.“ -_-"'
LT =

.
lllll
]

Caleulate the 3-DD rotution 7
TS

-----------------------

Hteratively optimeze the 241D
phinar ranstorm waghts

________

<7 Jeantly optirnize the 3-
roation matry and the 2-1)
S planar anstormowaghts 7

lllllllll



US 7,844,133 B2

1

METHOD AND SYSTEM FOR FILTERING,
REGISTERING, AND MATCHING 2.5D
NORMAL MAPS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a divisional application of U.S. Non-
Provisional application Ser. No. 11/451,671, filed Jun. 13,

2006, which claims the benefit of U.S. Provisional Applica-
tion No. 60/689,967, filed Jun. 13, 2005 and U.S. Provisional
Application No. 60/690,118, filed Jun. 13, 2005. U.S. Non-
Provisional application Ser. No. 11/451,671 and U.S. Provi-
sional Application Nos. 60/689,967 and 60/690,118 are

hereby incorporated herein by reference.

GOVERNMENT RIGHTS IN THE INVENTION

This 1invention was made with U.S. government support
under contract number S7-6BW317X6272. The U.S. govern-
ment has certain rights 1n this invention

FIELD OF THE INVENTION

The present invention relates to automatic target recogni-
tion (ATR) using normal or needle map representations of
objects.

BACKGROUND OF THE INVENTION

Automatic Target Recognition (ATR) methods and sys-
tems generally use remote sensors or i1mage-capturing
devices to track and affirmatively 1dentify a particular target
object. The integrity of the match between the detected object
and the target object 1s of the utmost importance 1n most AIR
applications, including, primarily, most military applications.
In order to accurately determine that the object being tracked
1s 1n fact the target object, the signal processed via the remote
sensor must contain the maximal amount of relevant infor-
mation. The 1nevitable presence of noise corrupts and limits
such information.

As such, conventional methods and systems are adapted to
suppress or remove any noise in the image or the image
signal. For example, in 2D 1mage processing systems that
convert each pixel of the captured 1mage into a needle or
normal vector representation of the visible surface at that
particular 1mage location. A 2.5D normal(s) or needle map,
herein referred to as a “normal map™ 1s defined as a type of
perspective 1mage wherein each pixel represents a 3-D sur-
face normal. The normal map may be compactly represented
by the notation n(r), where neR° is a vector representing the
3-D surface normals, and rAR* is a vector representing the
2-D pixel location 1n the 1image plane. Typically, the coordi-
nate system for representing the surface normals 1s such that
the X and y directions coincide with the image plane, while the
7z direction 1s perpendicular to the image plane. However, the
captured image includes noise, and thus, the normals vectors
include inaccuracies.

A standard method for suppressing noise 1s to apply a liner
filter designed to leave frequencies with more signal than
noise unchanged, while suppressing frequencies with more
noise than signal. While this method 1s effective 1n noise
reduction, the method results 1n unacceptable signal degra-
dation. For example, suppressing noise in images in this way
usually blurs edges because the filter combines sample values
from both sides of the edge, giving an intermediate result. The
blurring 1s noticeable and offensive to human viewers.
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An alternative noise suppression method that avoids blur-
ring involves the use of a median filter. The median filter
receives an mput signal, and for each location x of the given
input signal (a pixel 1n the case of an 1mage), the median filter
replaces the value at x with the median of the previously
identified or original sample values in a neighborhood of x.
Most filters, including linear and median filters, use the same
values 1n a neighborhood of x to compute the new value of x.
An analogous neighborhood (1.e., one having the same size
and shape) may be used for every location in the signal. The
“s1ze and shape” of a neighborhood 1s often referred to as the
filter’s “region of support.”

These conventional filters 1dentify the median of a set of
vectors by taking the element of the set that has the smallest
summed distance to the other vectors 1n the set. Although the
conventional median filters avoid blurring edges because the
median has the same value as one of the samples, such filters
are limited because the median represents a scalar value.

Furthermore, this approach is ineificient because there may
not be a choice of vector that 1s 1n the middle of the others in
the set. As shown i1n FIG. 1, the neighborhood of sample
includes three two-dimensional vectors (labeled A, B, and C)
arranged close to the vertices of an equilateral triangle, such
that neither vector A, B, or C 1s the obvious choice for the
median. However, 11 one vector 1s slightly closer to the trian-
gle’s center (denoted by the “X” 1n FIG. 1) than the others
(vector A 1n FIG. 1), the conventional median filter would
select vector A as the median. Thus, this conventional median
filter 1s very sensitive to small perturbations of the vectors,
which can lead to undesirable effects.

Moreover, 1n the case of a 2.5D 1image of surface normals,
the vectors on the edge where two surfaces join can tlop back
and forth between the normals of the two surfaces as one
moves along the edge, making the edge appear to be jagged,
when 1t should be smooth. Similarly, color images filter by
conventional median filters also sufler from this type of 1nac-
curacy, wherein a smooth edge becomes jagged. In addition,
the conventional median filter requires significant computa-
tion resources for operation.

Furthermore, many ATR applications require thattwo 2.5D
normal maps be matched to determine 1f they represent the
same object. Precise matching requires that the two normal
maps undergo registration process. Registration of two
images, taken at different times, and/or by different sensors, 1s
the process of aligning the images such that they coincide,
according to some well-defined criteria. However, conven-
tional ATR systems and methods lack a technique or process
for the registration of 2.5-D normal maps.

Accordingly, there 1s a need in the art for an efficient
method and system for determining an optimized vector
median and registration of 2.5D normal maps in order to
generate improved matching of 2.5D normal maps in object
recognition applications.

SUMMARY OF THE INVENTION

The present invention relates to a method and system for
performing automatic target recognition (ATR) of one or
more unknown objects. According to an embodiment of the
present invention, a image capturing device or sensor 1s used
to observe the unknown object and capture an 1mage of an
unknown object or data representative of the observed object
image. The image or image-representative data associated
with the unknown object 1s collectively referred to as the
“observed object data.”

The present imvention relates to an iterative approach to
vector median filtering wherein the resulting median vector
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need not be a member of the original data set. The iterative
vector median filtering allows for fast convergence for com-
plex computations and an output which 1s approximate to the
mean, particularly for small data sets.

According to an embodiment of the present invention, a
method and system for registering and matching 2.5 normal
maps 1s provided. Registration of two maps 1s performed by
optimally aligming their normals through 2-D warping 1n the
image plane 1 conjunction with a 3-D rotation of the nor-
mals. Once aligned, the average dot-product serves as a
matching metric for automatic target recognition (ATR).

According to an embodiment of the present invention, a
method and system 1s provided for identifying a observed
object. The target identification method and system deter-
mines a best match by comparing the observed object with
model 1mages/objects.

According to an embodiment of the present invention, the
target 1dentification method involves the observation of an
object, converting the image or data of the observed object
into a corresponding normals map representation, denoising
or filtering the normals map, comparing or registering the
observed object normals map with one or more previously
identified normal maps stored in a database (herein referred to
as “stored normal maps™) to produce a plurality of registered
normal map pairs, analyzing the registered normal map pairs
to determine a match score for each, and 1dentitying the best
match or matches.

According to an embodiment of the present imnvention, the
target object data 1s converted 1nto a normals map represen-
tation(s) of the target object(s). A needle or normal map,
collectively referred to herein as a “normal map” 1s defined as
a type of perspective image wherein each pixel represents a
3-D surface normals. The normals map may be compactly
represented by the notation n(r), where neR° is a vector rep-
resenting the 3-D surface normals, and r3R* is a vector rep-
resenting the 2-D pixel location 1n the image plane. Typically,
the coordinate system for representing the surface normals 1s
such that the X and y, directions coincide with the image
plane, while the z direction is perpendicular to the image
plane.

According to an embodiment of the present imnvention, the
observed object data 1s converted into a 2.5D normal map.
The normal map 1s then denoised or filtered to remove sensor
related noise. The normal map 1s filtering using the iterative
vector median filter method and system of the present mnven-
tion. Optionally, the normal map may be segmented 1nto one
or more particular regions or objects of interest.

The observed or unknown normal map 1s then registered or
aligned to reference normal maps, which are known normal
maps, optionally stored in a computer-accessible database.
Registration of the observed normal map and each of the
reference normal maps produces a number of registered nor-
mal map pairs. In the final stage of the process, a match score
1s calculated for each of the registered normal map pairs, and
one or more best matches are determined, thereby resulting 1n
the 1dentification of the observed object.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention will be more readily understood
from the detailed description of exemplary embodiments pre-
sented below considered in conjunction with the attached
drawings, of which:

FIG. 1 illustrates a comparison of vector median 1dentifi-
cation according to a conventional median filter and an itera-
tive vector median filter according to an embodiment of the
present invention;
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FIG. 2 shows an automatic target recognition environment
including an exemplary object identification system, accord-
ing to an embodiment of the present invention;

FIG. 3 illustrates the steps of an exemplary target recogni-
tion method, according to an embodiment of the present
invention; and

FIG. 4 illustrates the steps of an exemplary 2.5D normal
map registration process, according to an embodiment of the
present invention.

It 1s to be understood that the attached drawings are for
purposes of illustrating the concepts and embodiments of the
invention and may not be to scale.

DETAILED DESCRIPTION OF THE INVENTION

The present invention relates to a method and a system for
monitoring, analyzing, and recognizing one or more objects
of a given environment, referred to as an automatic target
recognition environment.

FIG. 2 depicts an exemplary automatic target recognition
environment 1 managed by the methods and systems accord-
ing to the present invention. According to an embodiment of
the present invention, the ATR environment 1 includes an
object identification system 100 commumicatively connected
to one or more sensors 10 configured to monitor one or more
scenes. The term “communicatively connected” 1s intended
to include any type of connection, whether wired or wireless,
in which data may be communicated. The term “communi-
catively connected” 1s intended to include a connection
between devices and/or programs within a single computer or
between devices and/or programs on separate computers.

According to an embodiment of the present invention, as
depicted 1n FIG. 2, the object 1identification system 100 1s a
computer-based system which includes, but 1s not limited to,
the following components: a Normal Map Converter 20, a
Iterative Vector Median Filter 30, Registration Module 40, a
Normal Map Database 45, and a Matching Module 50. As
used herein, the term “computer” 1s mtended to include any
data processing device, such as a desktop computer, a laptop
computer, a mainirame computer, a personal digital assistant,
a server, a handheld device, or any other device able to pro-
cess data.

One having ordinary skill 1n the art will appreciate that the
components of the object identification system 100 may be
comprised of one or more computer-executed programs or
computer-accessible devices, which may be executed and/or
accessed by a single computer or multiple computers.

FIG. 3 illustrates the steps performed by the object 1denti-
fication system 100, according to an embodiment of the
present invention. The present invention 1s described 1n detail
below with reference to the object identification system 100,
as shown 1n FIG. 2, and the target identification method, as
illustrated in FIG. 3.

According to an embodiment of the present invention, one
or more sensors 10 are used to monitor a particular area of
interest in the ATR environment 1. The sensor 10 may include
any suitable image capturing device or image-data capturing
device configured to capture an 1mage and/or collect 1mage-
related data. The image related data may include, but 1s not
limited to, sutficient information for estimation of the surface
normals. For example, such image data may includes single
or multiple intensity grayscale or color images, or polariza-
tion. Furthermore, the image-related data may include infor-
mation about the viewing conditions, such as direction to the
sun, amount of cloud cover, and so on. The sensor 10 captures
an 1mage and/or image-related data of one or more observed
objects. As used herein, the image and/or image-related data
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associated with the observed object 1s referred to as the
observed object data. One having ordinary skill 1n the art will

appreciate that the object may include, but 1s not limited to
any animate or inanimate object, such as, for example, a
vehicle, aircrait, or building.

The sensor 10 provides the observed object data to the
object 1dentification system 100, which 1s received by the
Normal Map Converter 20, as shown in step S11n FI1G. 3. The
Normal Map Converter 20 1s a computer or computer-ex-
ecuted program configured to convert the observed object
data into a corresponding 2.5D normal map, herein referred to
as the “observed normal map.” One having ordinary skill 1n
the art will appreciate that the data from the sensor 10 may be
converted 1mto a normal map using any suitable conversion
technique, including, but not limited to, a photometric stereo
analysis of multiple 1mages, a shape-ifrom-shading analysis
of a single 1image, an analysis of the polarization of light
reflected from surfaces, or other suitable normal map genera-
tion technique. See e.g., Woodham R. 1., Photometric method
Jor determining surface orientations from multiple images,
Optical Engineering, vol. 19, pp. 139-144 (1980); Zhang R,
Tsai1 P. S. et al., Shape from Shading: A Survey, IEEE Trans.
on Pattern Analysis and Machine Intelligence, vol. 21, no. 8,

pp 690-706 (1999); Wolll L. B., Surface orientation from
polarization images, Proc. Optics Illumination and Image

Sensing for Machine Vision I1, vol. 850, pp. 110-121 (1987).

According to an embodiment of the present invention, the
Normal Map Converter 20 may provide the observed normal
map to the communicatively connected Normal Map Data-
base 45 for storage and future reference.

The observed object normal map 1s provided by the Normal
Map Converter 20 to the Iterative Vector Median Filter 30.
The Iterative Vector Median Filter 30 1s configured to perform
an 1terative median filtering process for denoising or filtering
the observed object normal map, as shown 1n step S3 in FIG.
3. One having ordinary skill in the art will appreciate that the
Iterative Vector Median Filter 30 and associated process step
(s) are optional components of the Object Identification Sys-
tem 100, and may be omitted from the object 1identification
process described herein. Accordingly, step S3 1 FIG. 3 1s
denoted by a dashed line to indicate that it 1s an optional step
in the object 1dentification process.

According to an embodiment of the present imnvention, the
Iterative Vector Median Filter 30 1s configured to minimize a
criteria, denoted as J, based on the distance from an unknown
vector, v, _ ., to each of the vectors v, 1n the filter’s region of
support:

7= i = Vel
]

Typically, according to conventional techniques, the vector
median 1s found by conducting a search for one member of the
data set, denoted as 1*, that minimizes J, according to the
following equation:

i = argmjnjz lvi — v,
j

where v, /v« (See e.g., Astola, I. et al., Vector median
filters, Proceedmgs of the IEEE, Volume 78, Issue4 Page(s):
678-689 (April 1990).
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According to an embodiment of the present invention, the
Iterative Vector Median Filter 30 1s configured to 1identify the
optimal vector median which satisties the following equation:

Vined

d med ”V mfd”

The optimal vector median may be determined by solving
for v, _ . 1n the numerator of the following expression:

Z Vi

" I - vmn

Vined =
Z ”V _med”

where t 1s the iteration number. The above expression 1s
iterative because the variable to be determined, v _ ,, appears
on both sides of the equation. Optimization proceeds by set-
ting or initializing an initialized vector median, v__ "~ (i.e.,
where t=0), typically to the mean of the vector field, and then
continually reapplying the above equation until v__, con-

verges. A common criterion for convergence is that |[v L

med
v /|| is less than a desired threshold. One having ordinary
skill 1n the art will appreciate that this 1s a generalization to
vectors of a known algorithm for finding the median of a set
of scalar values. See e.g., Press, W. H. et al., Numerical

Recipes in C, Cambridge University Press, (1988).

Advantageously, the iterative vector median filter does not
always converge to a member of the data set. According to an
embodiment of the present invention, the Iterative Vector
Median Filter 30 1s configured to initialize the vector median
to the mean, thus resulting 1n a fast convergence. For example,
in the normal-smoothing application described below, con-
vergence to within Vio degree 1s typically obtained 1n less than
five 1terations for a 3x1 vector field having nine members. In
comparison, 1n order to calculate the distance from each
vector to the others 1n the data set, conventional methods
require nine passes through the vector field, wherein each
pass 1s comparable to an iteration. Referring to the example in
FIG. 1, the iterative vector median filter method of the present

invention results 1n the 1dentification of median X for the data
set (A, B, C).

According to conventional methods, for a set of N vectors,
the distance between every pair 1n the set must be computed,
thus requiring the computation of N(IN-1)/2 distances. In
contrast, the Iterative Vector Median Filter 30 requires only
NM distance computations, where M 1s the number of 1tera-
tions needed to converge. The Iterative Vector Median Filter
30 1s particularly suited for use 1n analyzing a large region of
support (1.e., a region with a large N, because the difference
between M and (N-1)/2 becomes increasingly significant for
larger N having a large region of support. This makes con-
ventional vector median filters impractical for filtering a large
region ol support.

According to an embodiment of the present invention, the
Iterative Vector Median Filter 30 may be used to smooth any
vector field, as provided 1in the examples below. According to
a first example application, the Iterative Vector Median Filter
30 1s applied to a 2.5D normal map, wherein the Iterative
Vector Median Filter 30 smoothes surfaces while preserving
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the edges. First, the Iterative Vector Median Filter 30 1s
applied over local regions 1n an image plane, as represented 1n
the following expression:

J = Z 170X, V) = Ropea (%, Y

x,veR

where n(x,y) 1s a surface normal at the image coordinates
(Xx,v) belonging to the local region R. If the Iterative Vector
Median Filter 30 1s repeatedly applied to the same normals
image, 1t tends to converge to a stable result consisting of the
primary flat surfaces of the object. This 1s 1n direct contrast to
mean or Gaussian filtering, which continues to round oif
edges with each application, eventually resulting 1n a sphere-
like surface.

Another exemplary application of the Iterative Vector
Median Filter 30 1s to color images, where Iterative Vector
Median Filter 30 1s used to remove outliers 1n the color space.
Again, the 1terative Vector Median Filter 30 1s applied over
local regions 1n the 1image plane, according to the following
CXPression:

J = Z ||C(-x5 y)_cmed(xa y)”

x,veR

where c(X,v) 15 a vector representing the color of the pixel at
image coordinates (x,y) within the neighborhood R.

Optionally, following the filtering step, the observed nor-
mal map may be segmented 1nto a region or particular object
of interest, according to any suitable segmentation technique.

According to an embodiment of the present imnvention, the
filtered or denoised observed normal map 1s then provided by
the Iterative Vector Median Filter 30 to the communicatively
connected Registration Module 40. Optionally, the filtered
observed normal map may be provided to the communica-
tively connected Normal Map Database 43 for storage.

The Registration Module 40 1s configured to perform reg-
istration of the observed normal map and one or more stored
normal maps maintained 1n the communicatively connected
Normal Map Database 45, as shown 1n step S4 of FIG. 3.
According to an embodiment of the present invention, the
registration procedure comprises optimally aligning the nor-
mals between the observed normal map and one or more
stored normal maps through a 2-D warping in the image
plane, 1n conjunction with a 3-D rotation of the normals.

The steps of an exemplary registration process performed
by the Registration Module 40 according to an embodiment
ol the present invention are 1llustrated 1n FIG. 4. According to
an embodiment of the present mvention, 1n step SA, a pose
estimate 1s generated for the filtered observed normal map.
One having ordinary skill in the art will appreciate that any
suitable pose estimation method may be used 1n accordance
with the present invention.

Pose estimation 1s important because the restoration pro-
cess mvolves the alignment of an observed normal map for
which the polarization 1s unknown, and normal maps stored
in the Normal Map Database 45 having a known pose infor-
mation. As such, having an 1nitial estimate of the pose greatly
reduces the amount of searching of the Normal Map Database
435 to find likely matches.

One exemplary pose estimation method suitable for use in
accordance with the present invention 1s a gnomonic projec-
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tion method, described 1n detail below. The gnomonic pro-
jection 1s a nonconformal map projection of points on the
surface of a sphere onto a plane tangent to the sphere. The
projection 1s obtained by extending a line containing the
surface normal until 1t intersects with a tangent plane. The
gnomonic projection maps great circles on the sphere to lines
on a plane. The normal vectors of box-like objects, such as
vehicles, tend to lie on great circles. Thus, this projection may
be used to determine pose by searching for lines in the pro-
jection.

According to an embodiment of the present invention, The
equation of the tangent plane in the coordinate system of the
sensor 1s z=1. The parametric equation of a line passing
through the origin 1s given by:

x=n,ty=ntz=n_t

The intersection of the line with the plane occurs at 1=n_tor
t=1/n_. Thus, the projection 1s given by:

One having ordinary skill in the art will note that the above
expression 1s the negative of the gradient 1n the x and vy
directions, respectively. A scatter plot of the surface normals
onto this plane reveals lines, the orientation of which have a
one-to-one mapping with the pose. The lines may be deter-
mined according to any suitable method or technique. For
example, these lines may be determined through a Hough
transform or by a mixture of linear experts.

After fitting a line 1n the projection plane, the object pose
may be determined. For example, a pose, p=[p, p,.p.|. may be
described 1n terms of the normal to the great circle. As such,
the equation of a plane that includes the great circle 1s given
by:

D X+p,y+p,z=0

The intersection of this plane with the tangent plane at z=1
generates the line:

pxX+ pyy+p; =10

Next, fitting a line to the real data in the gnomonic projec-
tion plane y=ax+h, then the pose parameters 1n terms of the
line parameters may be expresses as follows:

1
IR

p [a -1 b]

For poses wherein both a side and front/back of the object
are visible, the normals tend to form two or three orthogonal
great circles. The orthogonality of any two great circles cre-
ates a constraint on the two lines resulting from the gnomonic
projection, according to the following expression:

p lTp2:1 +ﬂlﬂ2+blbz-‘=ﬁo

Advantageously, this constraint may be used to determine
the lines, or, alternatively, the constraint may be used as a
check, 1t the lines are found independently.
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According to another embodiment of the present invention,
the pose estimation may be performed according to a
K-means clustering on a unit sphere, wherein K-means clus-
tering 1s used to discover the primary surfaces represented by
the surface normals of the observed normal map.

According to this approach, cluster centers, {c, }, are deter-
mined such that the normals, each of which 1s assigned to the
nearest cluster center, maximizes their projection onto their
respective cluster center, resulting in the following optimiza-
tion criteria:

J(K)

> D, =l yal

1 I,}’ES}{C

K
L=

The cluster centers are found through a two-stage process,
consisting of a series of batch updates, followed by a stochas-
tic online update for fine-tuming. The number of clusters
centers may be found automatically by monitoring the frac-
tional decrease in the optimization criteria, J(K), as a function
of the number of cluster centers, K.

The pose may then be extracted from the cluster centers

through the gnomonic projection, as described 1n detail
above. Alternatively, a search may be conducted for pairs of
cluster centers whose cross-product 1s equal to a third cluster
center.

Referring to FIG. 4, 1n step SB1, one or more model or
known normal maps having a similar pose estimation to the
filtered observed map are retrieved by the Registration Mod-
ule 40 from the Normal Map Database 35. Alternatively, in
step SB2, one or more normal maps having the estimated pose
of the filtered observed object map may be generated. Fol-
lowing generation, the generated pose estimated normal maps
are also stored in the Normal Map Database 45 and accessible
by the Registration Module 40. Collectively, the generated
and stored pose estimated normal maps are referred to as the
“reference normal maps.”

According to an embodiment of the present invention, 1n
step SC, optimization criteria 1s set for the registration analy-
s1s. For normal maps, the optimization criteria 1s the average
[.2-norm of the difference between corresponding surface
normals o the observed normal map and the reference normal
map. However, 1f the two normals maps were obtained from
differing viewpoints, then the surface normals of correspond-
ing pixels 1 one 1image will be rotated with respect to the
other image. Therefore, the registration criteria must include
a rotation matrix operating on one of the normal maps.

Like intensity image registration, imn order to optimally
align the pixels 1n the 1mage plane, the 2-D position of the
surface normals of one of the maps are transformed or warped
in the image plane. As such, the following optimization cri-
teria 1s set, as follows:

1 |
J = EZ 175 (f (r1; w)) — Ray ()| L
|

where n,(r,) 1s one normal map (e.g., the observed normal
map) as a function of planar image coordinates r,; where
n,(r,) 1s a second normal map (e.g., the reference normal
map) as a function of planar image coordinates r,=f(r,:w),
parameterized by the planar transform weights w; and where
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R 1s a 3-D rotation matrix. Optionally, one having ordinary
skill 1n the art will appreciate that the rotation matrix could

alternatively operate on n,.

Registration consists of optimizing the criteria with respect
to the rotation matrix, R, and the warping parameters, w. As
such, as shown 1n step SD, the rotation matrix R 1s deter-
mined. One having ordinary skill in the art will appreciate that
for a given planar transformation, there 1s an analytical solu-

tion for the 3-D rotation matrix, as expressed 1n the following
equation:

§J -
— =0 R=UV

where the orthogonal matrices U and V are derived from the
singular value decomposition of the outer product of the
normals:

USV = SVD(Z na(F(re: w))ﬂf(rl)]

1

(see e.g., Umeyama, S. et al., Least-squares estimation of
transformation parvameters between two point patterns, IEEE
Trans. on Pattern Analysis and Machine Intelligence, vol. 13,

no. 4, pp. 376-380 (1991).

The orthogonality of U and V guarantees that R 1s also
orthogonal, and thus represents a pure rotation.

Next, 1n step SE, the 2-D planar transform weights are
optimized according to an 1terative method. According to an
embodiment of the present invention, a Gauss-Newton
method 15 applied,

. 02 Y'aJ
W= dwdwl aw

where the gradient 1s given by:

aJ
5 =

1

ari dnl
dw Odrs

[72(r2) — Rey (ry )]

and the Hessi1an matrix 1s approximated by the outer product
of the gradient, according to the following expression:

>3

1

o* J
Awdw!

(dry ond |[or) anl
0w Oy || Ow Oy

According to an embodiment of the present invention, for
the special case of an ailine transform, the following expres-
s1ons are applied:

yp = P{w
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The afline transform 1s capable of several types of geomet-
ric warpings, including the identity, translation, scaling, rota-
tion, retlection, and shear. However, 1t does not 1n general
preserve lengths and angles.

Evaluation of n,(i{(r,:w)) requires interpolation of the
warped normal map, for example, at non-integer planar coor-
dinates. For intensity image registration, the most common
interpolation methods are nearest neighbor, bi-linear, and
higher-order non-linear methods. The nearest neighbor
method 1s equally applicable to normal maps without modi-
fication. However, the other methods require modification
because the normals components are not independent.
According to an embodiment of the present mnvention, this 1s
accounted for by independent interpolation of the three com-
ponents followed by renormalization

Next, in step SE, the 3-D rotation matrix and the 2-D planar
transform weights are jointly optimized. Optimization pro-
ceeds by alternating between calculation of the 3-D rotation
matrix, R, and iterative optimization of the 2-D planar trans-
form weights, w.

For a given rotation matrix, the 2-D planar transform 1s
optimized until no further improvement 1n the criteria is
observed (or up to a maximum number of iterations). At such
point, the rotation matrix 1s recalculated using the latest align-
ment between the two 1mages, and then the optimization of
the planar transform 1s begun anew.

The final stopping criteria i1s reached when no further
improvement in the criteria 1s observed between successive
recalculations of the rotation matrix. The registration method
1s 1n1tialized with affine transform weights that correspond to
the 1dentity transform, and a rotation matrix calculated from
the original normal maps.

According to an embodiment of the present invention, the
optimization criterion occasionally increases, indicating that
the Newton approximation 1s poor 1n this region of the weight
space. Accordingly, the Newton update rule may be replaced
with a model-trust region approach, whereby a scaled diago-
nal matrix 1s added to the Hessian matrix, as follows:

H=H+Al

The optimal value of the scaling factor may be determined
through a suitable line-search technique (e.g., Levenberg-
Marquardt).

According to an embodiment of the present invention, the
registration process, as illustrated 1n FIG. 4, may also be
performed at multiple image scales, from coarse to fine-scale.
According to this embodiment, the alignment parameters at
the next higher scale are used as a seed for the next lower
scale. Advantageously, this reduces the chance that the opti-
mization may get ‘stuck’in a local minima, and also speeds up
the registration.

According to an embodiment of the present invention, the
registration process may also include optical flow, which
allows each pixel to move a small amount independently of
the other pixels. This approach allows the registration to make
better use of fine features, such as the detailed structure of a
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vehicle nose, which 1s highly salient, rather than broader
teatures such as the shape and angle between large planar-like
surtaces.

According to an embodiment of the present invention, an
alline may be regarded as an approximation of the more
general perspective transform. Using the perspective trans-
form 1mproves registration alignment for large pose devia-
tions. While the perspective transform 1s the more rigorously
correct transform, it 1s non-linear, which makes 1t difficult to
optimize 1n the context of registration. However, this problem
can be mitigated by performing an ailine registration first, and
then using the afline parameters to mnitialize the perspective
registration.

Optionally, according to an embodiment of the present
ivention, 1f a particular target image of interest has been
identified, then the observed object normal map may be com-
pared directly to one or more reference normal maps related
specifically to that target object. For example, 11 the target
object/image of interest 1s a 2004 Honda Accord, then the
Registration Module 40 may retrieve and register the
observed normal map with reference normal maps associated
with or depicting a 2004 Honda Accord. Further, the Normal
Map Database 45 and reference normal maps stored therein
may be organized into groups of related objects. For example,
for a vehicle identification application, the Normal Map Data-
base 45 may include groups defined by the vehicles” make
and/or model.

Following completion of the registration process, the plu-
rality of registered observed normal map and reference nor-
mal map, herein referred to as the “registered normal map
pairs” are provided by the Registration Module 40 to the
Matching Module 50. The Matching Module 50 1s a com-
puter-executable program configured to conduct a matching
process using the normal maps directly, 1n order to generate a
matching score between the observed normal map and one or
more reference normal maps, as shown 1n step S3 of FIG. 3.

According to an embodiment of the present invention, the
match score for each registered normal map pair may be
derived from the minimum value of the registration criteria,
or more complicated features may be compared using the
point correspondences obtained from the registration.
According to an embodiment of the present imnvention, the
registration criteria itself 1s used.

Note that 11 the normals have unity norm and R 1s a true
rotation matrix, then the registration criterta may be
expressed as:

J =) 1=ni(r)Rm(r)
1

which 1s one minus the dot-product, summed over all pixels.
The match score (S), which serves as the metric for determin-
ing whether the object(s) in the registered normal map pair are
the same, 1s the average dot-product between the two normal
maps after registration, and 1s represented according to the
following expression:

J |
S=1-% == mr)Rn(r)
1
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where N 1s the number of registered pixels. As such, the dot
product tends to have a value of one for 1dentical objects, and
a value of zero for randomly unrelated objects.

According to an embodiment of the present invention, the
registered normal map pair or pairs with the largest average
dot-product value(s) are identified as the at least one “best
match,” as shown 1n step S6. One having ordinary skill in the
art will appreciate that the match scores, the at least one best
match, and/or information related to the best match(es) may
be provided to the communicatively connected Normal Map
Database 45 for storage, or output for display or further
processing. According to an embodiment of the present
invention, the at least one best match may be displayed (e.g.,
on a computer display) as a graphical representation showing
the observed object and the matching model image.

It 1s to be understood that the exemplary embodiments are
merely illustrative of the mvention and that many variations
of the above-described embodiments may be devised by one
skilled 1n the art without departing from the scope of the
invention. It 1s therefore intended that all such variations be
included within the scope of the following claims and their
equivalents.

What 1s claimed 1s:

1. A method of registering normal maps, comprising the
steps of:

converting observed object data to an observed normal

map,
calculating a 3-D rotation matrix for a first normal map and
a second normal map;

producing 2-D planar transform weights by warping a 2-D
position ol surface normals of at least one of the
observed normal map and each reference normal map 1n
an 1mage plane; and

jointly optimizing the 3-D rotation matrix and the 2-D

planar transform weights of the first and second normal
maps until convergence to a registered normal map pair.

2. The method of claim 1, further comprising the step of
setting an optimization criteria for registration, said setting
including determining the L.2-norm of a difference between
corresponding surface normals of the first normal map and the
second normal map.

3. The method of claim 1, further comprising the step of
estimating a pose of the observed normal map, wherein the
pose 1s estimated using a gnomonic projection.

4. The method of claim 3, wherein the step of estimating
comprises generating at least one cluster center using a
K-means clustering method, and extracting the pose from the
at least one cluster center through the gnomonic projection.

5. The method of claim 1, further comprising the step of
warping in the image plane the 2-D position of the surface
normals of one at least one of the first normal map and the
second normal map.

6. The method of claim 1, wherein said step of calculating
a 3-D rotation matrix includes finding orthogonal matrices
U,V such that the 3-D rotation matrix R is equal to R=UV”*
where U and V are derived from the singular value decompo-
sition of the outer product of a plurality of surface normals of
at least one of the first normal map and the second normal
map.

7. The method of claim 1, wherein the 2-D planar transior-
mation weights are optimized according to an iterative
method.

8. The method of claim 7, wherein the iterative method
includes a Gauss-Newton method.

9. The method of claim 7, wherein the iterative method
includes a model-trust region approach, whereby a scaled
diagonal matrix 1s added to the Hessian matrix.
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10. The method of claim 9, wherein the optimal value of a
scaling factor 1s determined using a line-search technique.

11. The method of claim 7, further comprising the step of
interpolating the warped versions of the at least one of the
observed normal map and each reference normal map at
non-integer planar coordinates.

12. The method of claim 11, wherein said step of mterpo-
lating further includes idependently interpolating using
nearest neighbor, bi-linear, and highest-order non-linear
methods followed by renormalization.

13. The method of claim 2, wherein jointly optimizing the
3-D rotation matrix and the 2-D planar transform weights
proceeds by alternating between calculating of the 3-D rota-
tion matrix and i1terative optimization of the 2-D planar trans-
formation weights.

14. The method of claim 13, wherein the step of jointly
optimizing further includes the steps of:

(a) optimizing the 2-D planar transformation weights until
at least one ol no further improvement in the optimiza-
tion criteria 1s observed and up to a maximum number of
iterations are executed;

(b) recalculating the rotation matrix using the latest align-
ment between two 1mages, and

(¢) repeating steps (a) and (b) until no further improvement
in the criteria 1s observed between successive recalcula-
tions of the rotation matrix.

15. The method of claim 1, wherein said calculating, pro-
ducing, and jointly optimizing steps are performed at multiple
image scales, from course to fine scale.

16. The method of claim 15, wherein alignment parameters
at a next higher scale are used as a seed for the next lower
scale.

17. The method of claim 1, wherein said calculating, pro-
ducing, and jointly optimizing steps include optical flow.

18. A non-transient computer-readable storage medium
storing computer code for registering normal maps, wherein
the computer code comprises:

code for converting observed object data to an observed
normal map;

code for calculating a 3-D rotation matrix for a first normal
map and a second normal map;

code for producing 2-D planar transform weights by warp-
ing a 2-D position of surface normals of at least one of
the observed normal map and each reference normal
map 1n an 1image plane; and

code for jointly optimizing the 3-D rotation matrix and the
2-D planar transform weights of the first and second
normal maps until convergence to a registered normal
map pair.

19. The computer-readable medium of claim 18, further
comprising code for setting an optimization criteria for reg-
1stration, said setting including determining the .2-norm of a
difference between corresponding surface normals of the first
normal map and the second normal map.

20. The computer-readable medium of claim 18, wherein
code for calculating a 3-D rotation matrix includes code for
finding orthogonal matrices U,V such that the 3-D rotation
matrix R is equal to R=UV? where U and V are derived from
the singular value decomposition of the outer product of a
plurality of surface normals of at least one of the first normal
map and the second normal map.

21. The computer-readable medium of claim 18, wherein
the 2-D planar transformation weights are optimized accord-
ing to an 1terative method.

22. The computer-readable medium of claim 21, wherein
the iterative method includes a Gauss-Newton method.
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23. The computer-readable medium of claim 19, wherein code for (b) recalculating the rotation matrix using the
jointly optimizing the 3-D rotation matrix and the 2-D planar latest alignment between two 1mages; and

transform weights proceeds by alternating between calculat-

_ _ _ _ _ hdend code for (¢) repeating (a) and (b) until no further improve-
ing of the 3-D rotation matrix and iterative optimization of the

ment 1n the criteria 1s observed between successive

2-D planar transformation weights. 5 leulati - :
{ f the rotat {rix.
24. The computer-readable medium of claim 23, wherein A 1.11:-51 o , _
code for jointly optimizing further includes: 25. The computer-readable medium of claim 18, wherein
code for (a) optimizing the 2-D planar transformation said calculating, producing, and jointly optimizing steps are
weights are optimized until at least one of no further performed at multiple image scales, from course to fine scale.

improvement in the optimization criteria 1s observed and 10
up to a maximum number of 1terations are executed; ¥ % % % %
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